The data underlying the results presented in the study are available from <https://geodata.lib.vt.edu/> (DOI: [10.7294/w4-j92h-ka06](https://doi.org/10.7294/w4-j92h-ka06)).

Introduction {#sec001}
============

Globally, as forests are fragmented into smaller patches, biodiversity is lost directly as a result of forest clearing, and indirectly through increased forest access and illegal use of wildlife resources. In the Amazon, extinction rates are negatively correlated with area of forest fragments \[[@pone.0217540.ref001], [@pone.0217540.ref002]\] and fragments 0.01--0.1 km^2^ in size lose species across taxa at a higher rate than fragments 1 km^2^ or greater \[[@pone.0217540.ref003]--[@pone.0217540.ref006]\]. Furthermore, biodiversity is not only affected by the size of remnant forest patches, but also by the distance to, and habitat between neighboring forest patches, which can play roles in biodiversity persistence in a disturbed landscape \[[@pone.0217540.ref007], [@pone.0217540.ref001]\]. Thus, maintaining intact forested areas that are connected to other forested areas across a landscape is integral to maintaining global tropical biodiversity.

Roads and trails are factors that contribute to fragmentation of forests, and there is ample evidence that roads have an overall negative affect on wildlife populations across taxa and ecosystems due to increased traffic, noise and light pollution, and human access \[[@pone.0217540.ref008]\]. Such effects are often measured by wildlife population abundance, species richness, or home range activity in relation to road density or distance from a road. For example, grizzly bears (*Ursus arctos horribilis*), cougars (*Puma concolor*) and wolves (*Canis lupus*) have been found to select home ranges with significantly lower road density compared to road density in the surrounding landscapes \[[@pone.0217540.ref009]--[@pone.0217540.ref011]\]. Other species such as plains zebras (*Equus quagga*), elephants (*Loxodonta africana*), wildebeests (*Connochaetes* sp.), elands (*Taurotragus oryx***)**, jackals (*Canis* sp.) \[[@pone.0217540.ref012]\], salamanders, amphibians \[[@pone.0217540.ref013], [@pone.0217540.ref014]\], tropical understory birds \[[@pone.0217540.ref015]\] and rodents \[[@pone.0217540.ref016]\], and tropical forest elephants (*L*. *cyclotis*) \[[@pone.0217540.ref017]\] showed reduced animal sign, movements, and/or reduced abundance within a certain distance from roads, indicating that roads negatively affect habitat use by, or demography of, these taxa. In the tropics in particular, wildlife that has adapted to specialized niches may be negatively impacted by increased hunting brought by roads and trails \[[@pone.0217540.ref018]\], pollution and runoff from roads \[[@pone.0217540.ref019]\], fragmentation of populations within forest patches \[[@pone.0217540.ref020], [@pone.0217540.ref021]\], structural changes in forest edges along roads \[[@pone.0217540.ref022]\] that lead to changes in microclimate \[[@pone.0217540.ref023]\], and a variety of other impacts (see Laurance et al. \[[@pone.0217540.ref024]\] for a more complete review). In Southeast Asia, a variety of experts agree that roads impact wildlife by increasing access to forests and increasing deforestation of wildlife habitat \[[@pone.0217540.ref025]\].

While protected areas may, in some cases, slow deforestation and confer protection within their borders \[[@pone.0217540.ref026]\], protected areas are not immune to the effects of deforestation that occur outside their borders. Decreasing forest, increasing logging, and increasing fires outside of protected areas have been shown to negatively affect tropical forest protected area health (as measured by expert opinion on change in guild abundance) in 60 randomly selected protected areas \[[@pone.0217540.ref001]\]. Thus, as forest surrounding a protected area decreases, wildlife populations within the protected area may decline as well. If little natural forest remains outside of a protected area and the distance between neighboring patches is greater than a species' dispersal ability, these species may have low long-term persistence \[[@pone.0217540.ref027]\], ultimately resulting in decreased wildlife populations inside and outside of protected areas. While factors outside of protected areas were the most important factors negatively affecting protected area health, decreasing forest area within a protected area, increasing hunting, and increasing logging were also important drivers of protected area health \[[@pone.0217540.ref001]\].

In Indonesia, a tropical archipelago spanning the Sundaland and Wallacea biodiversity hotspots \[[@pone.0217540.ref028]\], many protected areas have been degraded due to the expansion of oil palm plantations in the past 20 years \[[@pone.0217540.ref029]\]. Indonesia contains 10% of the world's plant species and 17% of the world's bird species \[[@pone.0217540.ref030]\], and recently eclipsed Brazil as having the highest deforestation rate in the world \[[@pone.0217540.ref031]\]. Indonesia's protected area system was established at the beginning of the 20^th^ century to preserve some of the world's highest diversity forests and unique species such as critically endangered Sumatran elephants (*Elephas maximum sumatrensis*) and Sumatran tigers (*Panthera tigris sumatrae*), which can be found in Tesso Nilo National Park in Riau, Sumatra. Border protection in many Indonesian protected areas is not well enforced and protected areas are easily accessed by the local human population that hunts wildlife, tends oil palm plantations, and harvests timber and non-timber forest resources via roads and narrower foot and motorbike trails \[[@pone.0217540.ref032]--[@pone.0217540.ref034]\]. While Sunarto et al. \[[@pone.0217540.ref035]\] documented a decline in human activity in Tesso Nilo from 2005--2011 possibly due to PA establishment in 2004, remote cameras still had a capture rate of seven photos of humans per 100 trap nights.

As a former logging concession, Tesso Nilo can be accessed through small roads or pathways on motorbike or foot, most of which are not present in Tesso Nilo's official roads documentation. While the impacts of these smaller roads may be less than those from highways that include wide clearings, the impacts of access trails (where canopy may be intact) and larger roads in this landscape have yet to be studied, and the increased access to the forest from such roads could be contributing to biodiversity loss within this unique and endemic eco-floristic zone \[[@pone.0217540.ref036]\]. In this study, we aim to 1) determine if, and how much roads within the park have increased from 2002--2016 with respect to length and density, and 2) determine the amount and distribution of Tesso Nilo's remaining natural forest with respect to roads.

Methods {#sec002}
=======

Study area {#sec003}
----------

Tesso Nilo National Park was established in 2004 in Riau Province (pop. 6.3 million) ([Fig 1](#pone.0217540.g001){ref-type="fig"}) and contains some of the last remaining lowland tropical rainforest in Sumatra. The climate of Riau is classified in the Koppen-Geiger system as Af, tropical. Average temperature is 27° C while average rainfall is 2696 mm per year. The park, initially 386 km^2^, was expanded to 830 km^2^ in 2009 to better protect populations of Sumatran elephants and the endemic floristic community found within the park. Formerly a group of multiple adjacent timber concessions, Tesso Nilo was established with the intent to end the rapid deforestation that was beginning to occur, and to curb poaching of tigers and elephants as well as reduce human-wildlife conflict by providing a refuge for wildlife. Although community managers were involved in its foundation, indicating support for the protected area, there has been a lack of strict protection and insufficient patrol measures against encroachment of the park, which has likely become worse with the increased prevalence of oil palm in the region \[[@pone.0217540.ref037]\]. Tesso Nilo National Park is categorized Class III (of five) Tiger Conservation Landscapes (TCL) meaning it has habitat to support some tigers but also has moderate to high levels of threat and minimal conservation investment \[[@pone.0217540.ref038]\]. Tesso Nilo National Park is situated within in a broader landscape ([Fig 1](#pone.0217540.g001){ref-type="fig"}) that includes potential tiger habitat in Bukit Tigapuluh National Park to the south, Rimbang Baling Wildlife Reserve to the west, and Kerumutan Wildlife Reserve to the east. There could be a possibility of maintaining viable tiger populations in Tesso Nilo National Park if it remains connected to Bukit Tigapuluh National Park and Rimbang Baling Wildlife Reserve, as both have mountainous connections to the inaccessible Bukit Barisan Mountains on Sumatra's western edge. This landscape is considered vitally important in retaining west-east dispersal connection for tigers across Sumatra.

![Study area.\
Location of the greater study area landscape (top), and Tesso Nilo National Park in relation to nearby protected areas within central Sumatra, Indonesia.](pone.0217540.g001){#pone.0217540.g001}

Road length and density {#sec004}
-----------------------

We digitized all roads identifiable within Tesso Nilo in 2002 and 2016 using composite infrared Landsat images and Digital Globe World View 2. We used these two years due to availability of land cover data in the study area \[[@pone.0217540.ref037]\]. To aid in clear identification, all Landsat images were pan-sharpened with band 8 to 15 m accuracy. All geospatial data resulted from digitization projected to 48 S UTM 1984. Land cover data were created by Poor et al. \[[@pone.0217540.ref037]\]. Additionally, from June--July 2016, we drove roads passable by motorbike within Tesso Nilo using GPS tracking to further identify roads and aid in creating the new roads data. We drove most roads within the forested area of Tesso Nilo, but were unable to drive all roads within the park due to contested areas in illegal palm oil plantations. We attempted to digitize roads regardless of size, from approximately 0.25 m in width or passable only by foot, to larger 3-meter-wide roads that are passable by car on terrain such as packed gravel to loose dirt and vegetation. We do not distinguish between large and small roads.

To determine the density of roads, line density (kilometers of roads per square kilometer) was calculated using a 1 km radius at 30 m resolution. Analysis was restricted to within park boundaries so incomplete roads data outside of Tesso Nilo would not affect road density calculations.

Potential impacts on forest distribution {#sec005}
----------------------------------------

Based on our literature review, we determined that specific taxa would be affected by road noise, light, temperature change or other effects at different widths and thus we chose 100 m (small carnivores and rodents, \[[@pone.0217540.ref039]\]; birds, \[[@pone.0217540.ref014]\], amphibians \[[@pone.0217540.ref014], [@pone.0217540.ref040]\]), 500 m (mid-sized carnivores, \[[@pone.0217540.ref041]\] and 1000 m (ungulates \[[@pone.0217540.ref039], [@pone.0217540.ref042]\]) from roads to account for impacts of forest loss and edge effects due to roads on various species. While we recognized that tropical ecosystems and species may vary in their response to traffic on roads, research on specific distances affecting tropical species is relatively rare. Thus, we use these road impact distances more as a general guide for how much forest may be affected by roads. We created buffers around the newly created GIS roads dataset and subsequently removed these buffer areas from the forested area of Tesso Nilo using GIS, to identify 'core' forest areas \[[@pone.0217540.ref043]\].

To identify natural forest patches we used 2002 and 2016 land cover data newly created for this area \[[@pone.0217540.ref037]\] and extracted land cover classes of 'natural forest' (primary or secondary), based on the methods used by Poor et al. \[[@pone.0217540.ref037]\]. Plantations are not included in this category. The area of each forest patch was then calculated and the distance from each patch edge to the closest neighboring forest patch edge was also calculated using Euclidean distance. We did this for forest patches across the greater Riau Province landscape ([Fig 1](#pone.0217540.g001){ref-type="fig"}), including Tesso Nilo, as well as for forest within Tesso Nilo, to determine how the forest distribution within Tesso Nilo compares to the landscape as a whole. Roads were not incorporated into the forest patch calculations of forest outside of Tesso Nilo due to inconsistent roads data across the landscape. All spatial data were projected to UTM Zone 48N and analyses were completed using ArcGIS 10.3 \[[@pone.0217540.ref044]\] and pixel size and minimum mapping unit were 30 m.

Results {#sec006}
=======

Road length and density {#sec007}
-----------------------

In 2002, we identified 954 km of previously unrecorded roads via digitization within Tesso Nilo, 321.32 km of which were within forested areas ([Fig 2](#pone.0217540.g002){ref-type="fig"}). In 2016, we found 2,484 km of roads within Tesso Nilo ([Fig 2](#pone.0217540.g002){ref-type="fig"}). In 2002, average road density within the entire park was 1.06 km road/km^2^, while density increased to 2.63 km road/km^2^ in 2016. Within just the natural forest of Tesso Nilo, average road density more than doubled from 0.41 km road/km^2^ to 0.88 km road/km^2^ during the 14 year period of the study.

![Mapped roads in Tesso Nilo National Park.\
Roads (without impact buffers) and land cover (Yellow--plantation, Orange--bare land, Green--forest) within Tesso Nilo National Park, Riau, Sumatra in 2002 (A), and 2016 (B). Land cover from Poor et al. 2019.](pone.0217540.g002){#pone.0217540.g002}

Potential impacts on forest distribution {#sec008}
----------------------------------------

Without incorporating roads into forest area calculations, natural forest in Tesso Nilo decreased 76% from 689 km^2^ to 163 km^2^ during the study period ([Table 1](#pone.0217540.t001){ref-type="table"}). When a 100 m buffer is used to model edge effects, the amount of natural forest decreased by 80% during the study period ([Table 1](#pone.0217540.t001){ref-type="table"}; [Fig 3](#pone.0217540.g003){ref-type="fig"}). The 1000 m road effects buffer reduced forest in Tesso Nilo 97% from 72 km^2^ in 2002 to 2 km^2^ in 2016, indicating that if road impacts permeate 1 km into Tesso Nilo's forest, only 3% of forest will be unaffected. All modeled edge effect buffers decreased total forest area and forest patch size, and increased number of forest patches within Tesso Nilo ([Fig 3](#pone.0217540.g003){ref-type="fig"}). Distance between patches increased with larger buffer widths ([Table 1](#pone.0217540.t001){ref-type="table"}). Throughout the broader landscape ([Fig 1](#pone.0217540.g001){ref-type="fig"}), including Tesso Nilo, there were 409,602 forest patches with a mean size of 0.05 km^2^ compared to 403,414 natural forest patches with an average size of 0.02 km^2^ in 2016 ([Fig 4](#pone.0217540.g004){ref-type="fig"}) Total natural forest decreased from 20,837 km^2^--10,198 km^2^. Average distance from a forest patch within Tesso Nilo to the nearest patch outside Tesso Nilo remained nearly 2 km.

![Forest and road impact buffers.\
Natural forest distribution in Tesso Nilo National Park for 2002 and 2016 within varying distances from roads: 100 m, 500 m, and 1000 m. Land cover from Poor et al. 2019.](pone.0217540.g003){#pone.0217540.g003}

![Changes in forest distribution.\
Percent change in average forest patch area (light gray) and the number of forest patches (dark gray) in Tesso Nilo and the greater landscape (A), and percent change in number of forest patches (dark gray), average forest patch area (light gray) and average distance to neighboring forest patches (medium gray) at different road impact widths (B) within Tesso Nilo.](pone.0217540.g004){#pone.0217540.g004}

10.1371/journal.pone.0217540.t001

###### Changes in forest with edge effect buffers.

Amount of forest, number of patches, distance between forest patches (± SD), patch size (± SD), and taxa expected to be impacted by edge effects within Tesso Nilo National Park (TNNP) when taking roads into account at different buffer widths.

![](pone.0217540.t001){#pone.0217540.t001g}

                                                                 Edge Effect                                                                                                                                              
  -------------------------------------- ----------------------- --------------------- ------------------------------------- ---------------------- ------------------------ ------------------- ------------------------ ------------------
  Total mount of TNNP Forest (km^2^)     688.3                   162.9                 589.8                                 118.5                  233.3                    22.3                72.2                     2.1
  Number of Patches                      1305                    4313                  1002                                  3321                   224                      726                 47                       109
  Average Distance Between Patches (m)   21 (±51)                38 (±95)              35 (±69)                              50 (±117)              2574 (±4050)             74 (±479)           1041 (±1227)             134 (±732)
  Average Patch Size (m^2^)              520,000 (±18,000,000)   40,000 (±2,160,000)   590,000 (±11,600,000)                 40,000 (±19,000,000)   1,040,000 (±6,000,000)   30,000 (±240,000)   1,540,000 (±3,640,000)   20,000 (±70,000)
  Taxa affected                                                                        Small carnivores, birds, amphibians   mid-sized carnivores   Ungulates                                                             

Discussion {#sec009}
==========

The decrease in forest within Tesso Nilo National Park due to roads and access trails increases the importance of natural forest areas outside of the protected area to provide habitat, corridors, and stepping stones for wildlife that face habitat loss within the park. It is widely recognized that Tesso Nilo has suffered from deforestation and degradation \[[@pone.0217540.ref037], [@pone.0217540.ref045], [@pone.0217540.ref046]\], but this is the first study in Indonesia that has quantified the effects of increases in road density on forest within a protected area. This research was motivated by receiving a roads dataset from the government of Indonesia that did not appear to reflect the on-the-ground situation, and we determined it necessary to create an updated and verified roads dataset. Furthermore, no previous research has focused on the impacts of human activity or roads in Tesso Nilo despite the declining populations of tigers \[[@pone.0217540.ref035]\] and elephants and the anecdotal evidence of recent increased human activity in the park. Given the evidence that apex predators and large vertebrates are the most disturbance-sensitive species in protected areas in the tropics \[[@pone.0217540.ref001]\], it is important to understand the impact roads have on multiple critically endangered species within Tesso Nilo, and to identify areas where impacts could be mitigated. We were unable to assess direct impacts to biodiversity during this study, but other studies have shown the negative impacts of road effects and human activity on tropical flora and fauna \[[@pone.0217540.ref008], [@pone.0217540.ref024], [@pone.0217540.ref029]\].

From our digitization, it is clear that roads within Tesso Nilo have increased greatly, likely due to increased oil palm expansion within the park \[[@pone.0217540.ref037]\]. In 2016, nearly all of the natural forest within the protected area was within a km of a road, and thus within human reach. Prior research in temperate regions shows that road densities greater than 0.38 km/km^2^ negatively affected carnivore abundance and behavior \[[@pone.0217540.ref047], [@pone.0217540.ref048]\], but the impacts of road density vary by species and by road or trail type. Research on the impacts of road density in tropical systems is lacking, but given that most of Tesso Nilo natural forest is within 1 km of a road, and the road density of 2.63 km road/km^2^ far exceeds other densities that have been shown to affect biodiversity, roads are likely to have negative impacts on most wildlife species in Tesso Nilo.

We note that here we address 'roads' as the passable width along a path or trail, and do not consider canopy or forest width clearing. Effects of roads or trails can be impacted by differences in cleared width as well. However, trails--those paths that are too narrow to allow commercial vehicle access to forest interiors and may still have intact canopy--can still allow forest access via foot, bicycle, or motorbike but may have less of an impact on forest structure. In northern Sumatra, the number, diversity and evenness of species were lower in a high human foot traffic area versus a low traffic area and wildlife altered activity patterns to avoid human activity, even though the roads were not accessible by vehicle \[[@pone.0217540.ref049]\]. However, we recommend examining effects on canopy dwelling species and forest structure as part of any future research.

From 2002--2016, without taking road buffer effects into account, 76% of natural forest area within Tesso Nilo was lost. The remaining natural forest area is not large enough to support more than one tiger, notwithstanding use of non-forested areas. In addition, average patch size decreased and forest patches within the park are likely losing species at an increased rate compared to intact forest due to small forest patch size \[[@pone.0217540.ref003]--[@pone.0217540.ref006]\]. From 2002 to 2016, patch size within Tesso Nilo decreased 92% and average patch size of forest outside of Tesso Nilo decreased by 60%. When conservative road effects (100 m buffer) are taken into account, the 2002 average patch size (i.e. core forest areas) increased 13% and the 2016 average patch size decreased slightly. The increase in size seen in 2002 is due to smaller patches overlapping areas within the 100 m road buffer, thus being removed from the calculations. Though the 2016 total amount of forest may be large enough to support wildlife, the small average patch size in 2016 indicates a highly fragmented landscape. When less conservative road effects are taken into account (500 m or 1000 m buffers), there is very little forest remaining, and that which remains is likely not suitable for wildlife in the long-term.

Forest outside of the protected area also decreased but not as much as forest within the park in 2002, possibly due to the broader landscape's already degraded state. While small, the forest loss outside of Tesso Nilo is alarming because, if little natural forest remains outside of Riau's protected areas, and the distance between neighboring forest patches is greater than a species' dispersal ability, these species may have low long-term persistence \[[@pone.0217540.ref027]\]. Forest patches in Tesso Nilo are now \>2 km from the closest forest patch outside of the park, which may be farther than some insect, small mammal and amphibian dispersal distances. This distance limits patch usefulness as stepping stones between protected areas. On the other hand, forested areas are within 0.01 km from, or nearly adjacent to, oil palm plantations. While some species may be able to persist by using plantations as habitat or stepping stones \[[@pone.0217540.ref050]\], we may be at risk of losing lowland Riau's unique assemblage of biodiversity.

To improve our newly created roads layers, we attempted to ground-truth the data by driving many of the roads within Tesso Nilo. However, some areas of Tesso Nilo have been illegally converted to oil palm and ownership is highly contested, thus the field team was unable to survey these areas. Nevertheless we were able to combine ground-truthing with GIS layers to substantially increase the veracity of the road layers map. We digitized roads using Google Earth imagery, but visibility in some images was restricted by smoke from slash and burn agriculture or cloud cover. Despite our limitations, our new digitized road maps provide fresh insight into the high level of disturbance occurring in and around Tesso Nilo National Park. Since these roads are not officially documented by the government, and there is very little on-the-ground enforcement, Tesso Nilo may lose even more forest through the access these roads provide and due to the lack of protected area law enforcement.

It is clear that, though often used as an example of protected lowland forest, due to uncontrolled development of roads, the forest in Tesso Nilo is now highly fragmented and likely impaired due to increased edge effects and impacts of degradation from outside of the park. The park is also fairly isolated from nearby unprotected forest. Tesso Nilo is not providing the protection it was intended to, and is likely acting only as a 'paper park'. The unique lowland Eastern Peneplain eco-floristic sector, one of 38 unique zones in Sumatra identified by floral and geologic features, previously covered a large portion of Riau is now listed as critically endangered and only remains within Tesso Nilo National Park \[[@pone.0217540.ref036]\]. The most recent estimates (2007) indicate \>70% of this zone has been lost \[[@pone.0217540.ref036]\], and today, given the further deforestation and degradation we have documented within Tesso Nilo, it is likely that very little of this zone remains. Unfortunately, few published studies have focused on cataloging or quantifying changes in the insect, bird, small mammal, amphibian, and reptile communities that inhabit this lowland area of Sumatra, and we suggest cataloging and researching this area as soon as possible.

Continued loss of Tesso Nilo, its endemic biodiversity, and its wildlife of global importance such as Sumatran elephant and tiger, could result in reduced wildlife dispersal across greater Riau, and an increased chance of isolation and extinction in the near future \[[@pone.0217540.ref048]\], but efforts to conserve Tesso Nilo should continue because there is evidence that wildlife can use the small patches of forest in and around Tesso Nilo \[[@pone.0217540.ref051]\] even if the forests of the park cannot be fully restored. In addition, the government of Indonesia recently launched a plan to restore Tesso Nilo by removing illegal oil palm plantations and engaging locals in more sustainable farming. Protected areas are often more effective when local communities are included in decision making, and increasing community engagement is likely key to the success of Tesso Nilo. Future research should include comparisons of similar landscapes that have successfully enforced protections.

If deforestation and degradation within Tesso Nilo continue, it is likely this entire eco-floristic zone, any benefits it provides as a refuge for climate change or from poaching, and the endangered endemic wildlife species that inhabit it, will be lost \[[@pone.0217540.ref045]\]. When forest assessments fail to take road effects into account and road-building does not adhere to ecologically sustainable principles \[[@pone.0217540.ref052]\], Tesso Nilo and other tropical protected areas may appear to be ecologically healthier and larger than they actually are. Roads can have potentially far-reaching and substantial negative impacts on forest extent and distribution that are often not taken into consideration--especially when roads are small, or in systems that are thought to be 'intact' \[[@pone.0217540.ref053]\]. Quantifying the effects of roads on forest distribution and working to decrease human activity and mitigate road impacts in this unique, and other understudied systems similar to that of Tesso Nilo National Park and the surrounding system, should be a global conservation priority.
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